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Introduction
Animals, including humans, obtain information about the outside world through their five senses. Although five basic tastes have been identified (sweet, sour, salty, umami, and bitter), others such as pungent, harsh, and astringent also play an important role in evaluating the food we ingest. Sweet, salty, and umami tastes tell us that the substances contain necessary nutrients, whereas sour and bitter tastes tell us that these substances may be toxic. Thus, taste perception plays an important role in choosing foods containing essential nutrients as well as alerting us to potentially harmful substances (Ishimaru, 2009) .
Recent research has focused on the mechanisms underlying basic taste perception at the peripheral and neural levels. Taste stimuli are detected by the gustatory receptors on taste buds on the tongue (Hoon et al., 1999; Maxwell Lawton et al., 2000; Miyoshi et al., 2001; Murray et al., 1969) . Sensory information is transmitted from the taste receptors to the solitary tract and thalamus via taste nerves. The thalamic pathways then continue to a region of the insula known as the primary gustatory area and to a secondary gustatory area in the orbitofrontal cortex (De Araujo and Rolls, 2004; De Araujo et al., 2003; Friedrich, 1968; Ifuku et al., 2003; Ogawa, 1994; Rolls, 1989; Scott and Plata-Salamán, 1999) . The orbitofrontal cortex subsequently relays the information to the hypothalamus, amygdala, and other brain regions (Small et al., 2003; Zald et al., 2002) . The primary gustatory area is responsible for the perception of taste type and intensity, whereas the secondary gustatory area is responsible for the recognition of likes and dislikes through integration of information associated with taste (Baylis et al., 1995; Rolls, 1997; Rolls et al., 1990; Scott et al., 1986) .
A previous rodent study has revealed that the individual basic tastes are represented in the gustatory cortex (insula) by finely tuned cells organized in a precise and spatially ordered gustotopic map, where each taste quality is encoded in its own (segregated) stereotypical cortical field (Chen et al., 2011) . In addition, human functional magnetic resonance imaging (fMRI) studies have demonstrated taste-specific patterns of activity in the primary gustatory cortex (insula) for the five basic tastes (Schoenfeld et al., 2004) .
We often experience astringency in daily life when we drink beverages such as tea or wine, although little is known regarding the receptive mechanism and associated brain activity. The receptors for astringency in the oral cavity are also unknown. Some previous studies reported that trigeminal nerves respond to astringent stimuli (Breslin, P et al., 1993; Schöbel et al., 2014) . On the other hand, other previous studies showed that the trigeminal nerves did not respond to astringent stimuli, and that rather the chorda tympani nerves respond to astringent stimuli (Komai et al., 2004; Schiffman et al., 1992) .
From those results, no conclusion has been reached regarding whether astringency is a taste or an oral sensation. Astringency and bitter taste are naturally aversive, although many people regularly drink astringent and bitter beverages (Graham, 1992; Inoue et al., 1998; Salazar-martinez et al., 2004) . In addition, repeated exposure can change the hedonic evaluation of astringent and bitter beverages (Labbe et al., 2006; Mattes, 1994; Stein et al., 2003) . However, the mechanisms underlying changes in taste preference over time have yet to be elucidated.
In the present study, we aimed to clarify the mechanisms responsible for the recognition of astringency using fMRI to compare brain activation in response to bitter taste and astringency as aversive tastes, and sweet taste as a pleasant taste and to investigate the association between brain activation and subjective appraisal of taste.
Materials and Methods

Participants
Twenty-two healthy, right-handed Japanese men (age range: 20-40 years, mean:
29.0 ± 6.0 years) with no history of neurological or psychiatric disorders participated in the present study. All participants were men because we considered that the sense of taste may be affected in women by their menstrual cycle (Bowen and Grunberg, 1990; Than et al., 1994) . None of the participants had a history of symptoms requiring neurological, psychological, or other medical care, and none had been taking medication at the time of the study. The study was approved by the research ethics committee of ATR-Promotions.
All participants provided written informed consent prior to participating in the study and were debriefed after the experiment. At least 2 hours before scanning, participants were given a light meal (two pieces of CalorieMate®, Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan), after which they abstained from eating and drinking, with the exception of water.
All participants were confirmed to be able to recognize the differences among astringent, bitter, and sweet stimuli about 1 week before the fMRI test. One participant was excluded due to continued tasting of the solution during scanning. 
Stimuli and stimulus delivery
Brain activity was measured in response to three types of taste stimuli: sweet, astringent, and bitter. Each solution was flavored as follows: tannic acid (Fuji Chemical Industry Co., Ltd., Wakayama, Japan) for astringency (0.4 g/100 mL); sugar (Mitsui Sugar Co., Ltd., Tokyo, Japan) for sweet (7.5 g/100 mL); and caffeine (Shiratori Pharmaceutical Co., Ltd., Chiba, Japan) for bitter (1.0 g/100 mL). The stimuli were delivered to the participant's mouth through four Teflon™ tubes (one for each of the three taste stimuli and one for water) held between the lips. The concentration of taste solutions was preliminarily validated to provide the same level of taste intensity. The speed rate at which solutions were dripped onto the tongue was held constant (0.2 mL per second) with the improved dripping devices, and the saliva and solution remaining in the oral cavity were removed by plastic tubes connected to an aspirator (Aspirator with Trap Flask, FTA-1/Biosan, Warren, MI, USA).
Experimental design
Participants were presented with three different taste stimuli in the fMRI block design, which is shown schematically in Figure 1 . In each trial, a specific taste stimulus was presented in alteration with water. A 10-s pre-scan was performed prior to each scan, and participants were instructed to keep their eyes closed during each scan. During the first 6 s of each trial, participants remained at rest, following which the taste or water stimulus was delivered intra-orally over 8 s (Figure 1 ). Each scan consisted of 15 taste stimulus trials of only one kind of taste stimulus and 15 water trials. Although the number of taste stimuli was randomized, bitter taste stimuli were presented last due to the potential influence of caffeine on the blood oxygen level-dependent (BOLD) signal. Immediately following each scan, participants rated the intensity and pleasantness of the stimulus with hand gestures on a five-point scale as follows: intensity: 0 (no taste) to 4 (very strong taste); pleasantness: −2 (very unpleasant), 0 (neutral), 2 (very pleasant).
Following fMRI scanning, participants were asked how much specific sweet, bitter and astringent beverages they habitually take. to analyze the correlation between their drinking habits and the BOLD responsivity during taste stimuli. Consumption of each taste beverage the participant take was measured according to the following: number of 500-mL bottles of sweetened beverages per week (sweet taste); number of cups of coffee per week (bitter taste); number of cups of Japanese tea per week (astringency) . To analyze the correlation between taste preference and BOLD responsivity during taste stimuli, we asked participants to rate their preference for specific tastes along a 100-mm visual analogue scale. For example, we considered their preference for astringency of tea as their preference for astringency.
Functional MRI data acquisition
Two hundred eighteen functional images were acquired during each functional scan. Images were acquired using a 3.0-T MR scanner (Verio, SIEMENS, Erlangen, Germany). A standard gradient echo planar imaging pulse sequence was used to acquire 
Functional MRI data analysis
The imaging data were analyzed using statistical parametric mapping (SPM) 8 (Wellcome Trust Centre for Neuroimaging, London, UK) within MATLAB v7.10.0 (Math 2Works Inc., Natick, MA, USA). At the beginning of each functional scan, the MR signal was allowed to equilibrate over five scans for a total of 10 s, which were then excluded from analysis. Preprocessing of the data involved realignment in SPM8, reslicing with sync interpolation, normalization to the Montreal Neurological Institute coordinate system (Collins et al., 1994) , and spatial smoothing with an 8-mm full width at half maximum isotropic Gaussian kernel. Time series non-sphericity at each voxel was estimated and corrected for (Friston et al., 2002) , and a high-pass filter was applied with a cut-off period of 128 s. Data were statistically analyzed according to each participant (first-level analysis) as well as group (second-level analysis). Contrasts were calculated for each taste stimulus versus water. A threshold of p < 0.01 (uncorrected) was used for multiple comparisons with an additional cluster size criterion of 50 voxels. Group analysis was performed using analysis of variance (ANOVA; full factorial design in SPM) and conjunction analysis (Friston et al., 1999; Nichols et al., 2005; Price and Friston, 1997) . Regression analyses of the relationships between the fMRI BOLD signal and given parameters of interest (e.g., weekly consumption ratings) were performed at the second level using one-sample t-tests. The first-level participant-specific SPMs resulting from linear parametric modulation as implemented in SPM8 were used in these analyses. For multiple regression analyses, weekly consumption of beverages was included as a covariate. In this analysis, a threshold of p < 0.001 (uncorrected for multiple comparisons) was used.
Results
Behavioral results
The participant ratings of the intensity and pleasantness of taste stimuli presented during the fMRI experiment are summarized in Figure 2 . Participants rated astringent and bitter stimuli as more intense than sweet taste. In addition, astringent and bitter stimuli were perceived as unpleasant, whereas sweet taste was perceived as pleasant.
(Insert Figure 2 around here)
Functional neuroimaging
Different patterns of neural activation were observed for each taste stimulus (Table 1) (Insert Table 1 
Functional neuroimaging: conjunction analysis
No area was activated by all three taste stimuli, and no common areas were activated by two taste stimuli (astringent and sweet, or sweet and bitter). We only observed a common area, the right anterior insula (36, 28, 4; z = 3.03; k = 52), that was activated by both astringent and bitter stimuli (Figure 4 ). In short, we found that specific areas in the insula were activated by only one of the three taste stimuli. Also, we found one common area activated by both astringency and bitter taste in the insula.
(Insert Figure 4 around here)
Correlation between BOLD signal and behavioral data
We examined the correlation between the BOLD responsivity and subjective ratings of taste intensity and pleasantness. The results of the correlation analysis are presented in Table 2 . Positive correlations were observed between subjective intensity of sweetness and BOLD responsivity during sweet taste stimuli in the right hippocampus and amygdala; between intensity of bitterness and BOLD responsivity during bitter taste stimuli in the right superior frontal cortex, left insula, and left putamen; and between intensity of astringent stimuli and BOLD responsivity during astringent stimuli in the right hippocampus and right anterior cingulate cortex. Positive correlations were also observed between subjective pleasantness of sweet stimuli and BOLD responsivity during sweet taste stimuli in the right anterior cingulate cortex; between subjective pleasantness of bitter stimuli and BOLD responsivity during bitter taste stimuli in the right caudate and right hippocampus; and between pleasantness of astringent stimuli and BOLD responsivity during astringent stimuli in the right paracentral lobule. Negative correlations were also observed between intensity of astringent stimuli and BOLD responsivity during astringent stimuli in the left postcentral gyrus; between pleasantness of bitter stimuli and BOLD responsivity during bitter taste stimuli in the right medial frontal cortex and left pallidum; and between pleasantness of astringent stimuli and BOLD responsivity during astringent stimuli in the right hippocampus. Table 2 around here) Moreover, we analyzed the correlations between BOLD responsivity during taste stimuli and the participant's lifestyle, including drinking habits and taste preferences. The results of this analysis are presented in Table 3 . A negative correlation was observed between sweet beverages consumption and BOLD responsivity during sweet taste stimuli in the left caudate, whereas a positive correlation was observed between bitter beverages consumption and BOLD responsivity during bitter taste stimuli in the right caudate. A negative correlation was also observed between bitter beverages consumption and BOLD responsivity during bitter taste stimuli in the right cingulate. Positive correlations were observed between astringent beverages consumption and BOLD responsivity during astringent stimuli in the left inferior orbitofrontal cortex and left cingulate cortex.
(Insert
Furthermore, positive correlations were observed between preference for sweet beverages and BOLD responsivity during sweet taste stimuli in the right amygdala and right putamen. Also, negative correlations were observed between preference for bitter beverages and BOLD responsivity during bitter taste stimuli in the left pallidum, and between preference for astringent beverages and BOLD responsivity during astringent stimuli in the right insula. Table 3 around here)
Discussion
In the present study, we aimed to elucidate the brain regions associated with the recognition and discrimination of astringency. This mechanism has not been clarified in humans. To achieve this aim, we measured brain activity with fMRI during astringent, bitter, and sweet stimulation. For comparison, among the five basic tastes, we used bitter (unpleasant taste as well as astringency) and sweet (pleasant taste). From the behavioral results, we found significant differences in subjective taste intensity among the stimuli.
This result was unexpected because when we performed preliminary testing outside the scanner, we found no significant difference in taste intensity as rated by 21 participants (14 of whom were included in the experimental study) when the tastes were presented in the same method of concentrations of taste solutions, order and number of stimuli as during the fMRI experiment. The result can lead us to assume that there is a possibility that subjective taste intensity could be influenced by circumstances; subjective taste intensity of a solution with the same concentration could vary according to circumstances.
Some previous studies have reported that negative emotions were associated with heightened aversive tastes (Noel and Dando, 2015; Nozawa et al., 2004) , and other studies have reported that subjective ratings of aversive tastes show parallel increases of subjective taste intensity with unpleasantness (Scinska et al., 2004; Moskowits, 1981) .
Because it is generally said that most participants can feel somewhat uncomfortable in MRI (Scott et al., 2014) , we suppose such aversive stimuli as bitter or astringent could be felt more strongly in MRI. In addition, the coordinates of brain regions in the insula that responded to sweet and bitter taste stimuli were not consistent with those of responded to intensity of sweet or bitter taste in previous studies (Cerf-Ducastel et al., 2012; Grabenhorst and Rolls, 2008; Small et al., 2003) . Also, as shown in Table 2 , we examined the correlation between subjective taste intensity and BOLD responses to each taste stimulus. The coordinate of the brain regions in the insula responding to each taste quality, as shown in Table 1 , were not consistent with the coordinates showing the correlation between subjective taste intensity and BOLD responses to each taste stimulus. Therefore, we could ignore the possibility that the difference of subjective taste intensity caused the experimental results. The results of our analysis indicated that an area of the insula known as the primary gustatory cortex responded to astringent stimuli as well as bitter and sweet stimuli. Previous studies have reported that the five basic tastes are associated with activity in the insula (Kobayakawa et al., 1996; O'Doherty et al., 2001; Small et al., 1999) . All other brain regions responding to sweet stimuli in this study were comparable with those reported in previous works (Green and Murphy, 2012; Haase et al., 2011; Rudenga and Small, 2013; Zald et al., 2002) . In addition, brain regions responding to bitter stimuli in this study were (Small et al., 2003) . As taste perception in humans is similar to that in rodents (Jayaram et al., 2006; Lindemann, 2001; Yarmolinsky et al., 2009 ), we hypothesized that the human brain exhibits a similar gustotopic map. Hence, the present study focused on the relationship between taste discrimination and brain activation in response to taste stimuli. We observed activation in a region of the right insula in response to both bitter and astringent stimuli. However, no common area of activation was observed for the three stimulus types. Although astringency and bitter taste are both aversive stimuli, we confirmed that all participants in the present study were able to discriminate between the two. Chen et al. further reported that hot spots for bitterness, a type of aversive taste, are localized at specific distances from more preferred tastes (sweet, umami, and low concentrations of salt) in the insula (Chen et al., 2011) , and that this distance may reflect taste palatability. In the present study, we found the strongest BOLD response to astringent stimuli in the right ventral anterior insula (26, 16, −14; z = 3.88; k = 441) . Part of this region responded only to astringent stimuli, and a subregion in the right anterior insula (36, 28, 4; z = 3.03; k = 52) responded to both astringent and bitter stimuli. In addition, part of the right dorsal anterior insula (36, 34, 8; z = 3.8 ; k = 271) responded only to bitter stimuli. We suggest that these regions that responded to astringent stimuli contributed to the ability to recognize astringency.
When humans "sense" taste, in many cases, we are conscious of not only the differences in the taste quality but also of the intensity (concentration) or pleasantness.
Regarding basic tastes, several previous studies have reported relationships between taste intensity or pleasantness and brain activation in response to taste stimuli (Cerf-Ducastel et al., 2012; Mak et al., 2005; Rudenga and Small, 2013; Small et al., 2003) . However, no reports have been published regarding astringency. In this study, we analyzed the relationships between subjective ratings of taste intensity/pleasantness and the BOLD responsivity during each stimulus. We observed positive correlations between the intensity of astringent stimuli and BOLD responsivity during astringent stimuli in the hippocampus and anterior cingulate cortex, which are also associated with the intensity of basic taste stimuli (Cerf-Ducastel et al., 2012; Small et al., 2003) . We found that subjective intensity and pleasantness of astringency were represented in some brain regions that respond to other basic tastes (Cerf-Ducastel et al., 2012; Mak et al., 2005; Rudenga and Small, 2013; Small et al., 2003) .
According to previous studies that investigated the peripheral neural mechanisms involved in the perception of astringency (Breslin, P et al., 1993; Schöbel et al., 2014; Komai et al., 2006 Komai et al., , 2004 Schiffman et al., 1992) , no conclusion was reached regarding whether astringency is a taste or an oral sensation. Thus, based only on our present data, we cannot conclude that astringency is the "sixth basic taste". Additional studies investigating the peripheral neural mechanisms of the perception of astringency are needed to determine whether astringency is a taste or an oral sensation. Although in this study, the right ventral anterior insula (26, 16, −14; z = 3.88; k = 441) , which is part of the primary gustatory cortex, showed the strongest BOLD response to astringent stimuli, other regions responded to astringent stimuli and showed lower activation than the insula. Thus, at least in the human brain, we believe that the BOLD response to astringent stimuli is similar to other basic tastes.
Interestingly, although astringency and bitter taste are naturally aversive, activation was observed in the reward system in response to bitter stimuli. We believe that this brain activity is involved in our experience in which the bitter taste of coffee or beer and the astringency of tea or wine often make us feel happy (Lesschaeve and Noble, 2005; Rozin and Cines, 1982) . Indeed, previous study has suggested that the intake of strong bitter beverages for 7 days increases the preference for these beverages relative to the first experience (Stein et al., 2003) . Previous studies have also reported relationships between habitual consumption of foods or beverages with specific tastes and brain activity associated with that specific taste stimulus (Castriota-Scanderbeg et al., 2005; Green and Murphy, 2012) . Therefore, we hypothesize that astringency, a kind of aversive taste, as well as bitter taste, may produce changes in brain activity due to learning or repeated exposure. In the present study, we observed correlations between brain activity in the reward system, which includes regions of the caudate, cingulate cortex, or orbitofrontal cortex (Bohon, 2015; Führer et al., 2008; Goldstone et al., 2009; Haase et al., 2009; LaBar et al., 2001; Siep et al., 2009; Thomas et al., 2015) , and daily repeated consumption of sweet, bitter, or astringent beverages, respectively. We found a negative correlation between BOLD responsivity in the caudate during sweet stimuli and the participants' weekly consumption of sweet beverages. We found a positive correlation between BOLD responsivity in the caudate during bitter stimuli and the participants' weekly consumption of bitter beverages (e.g., coffee; bitterness was used as an index of the coffee clever feature in a previous study (Blumberg et al., 2010) , and thus, we chose coffee as a typical drink with bitterness). We also found positive correlations between the participants' weekly consumption of astringent beverages (e.g., tea) and BOLD responsivity in the cingulate cortex and inferior orbitofrontal cortex during astringent stimuli. A previous study showed that greater emotional eating scores are associated with reduced BOLD responses in the reward system to palatable taste (Bohon, 2015) . Another study showed that weight gain is associated with reduced BOLD responses in the reward system to palatable food (Stice et al., 2010) . According to those reports, our present result suggests that daily repeated consumption of palatable tastes (sweet beverages and food) may blunt activity in the reward system, and stronger stimuli would be needed to gain satisfaction. In addition, this is the first study to show a correlation between BOLD response to aversive tastes (bitter or astringent stimuli) and habitual consumption of beverages that include those tastes. According to previous studies showing that the dietary habit of consuming palatable food or beverages may affect BOLD responses to palatable taste stimuli (Bohon, 2015; Stice et al., 2010; Green and Murphy, 2012) , we believe there are contrary responses to aversive tastes and palatable tastes. Consequently, habitual consumption of aversive tastes (bitter or astringent beverages and food) may elevate activity in the reward system, and may cause these aversive tastes to become more pleasant. We further suggest that this mechanism allows humans to adapt to aversive tastes when consumption is advantageous as long as the substance is not harmful, and that the caudate/reward system may also be involved in this process. However, such changes in brain activity may also be due to congenital differences or learning experiences. Further studies are required to examine the influence of learning and experience on activity in the reward system with regard to the consumption of specific beverages.
In the present study, we further observed stronger activation in the right insula than the left, even though the entire oral cavity was subjected to stimulation. Results are inconclusive regarding the superiority of the right or left gustatory area in humans. Small et al. have reported dominance of the right insula (Small et al., 1999 (Small et al., , 1997 , whereas Kinomura et al. have reported dominance of the left insula (Kinomura et al., 1994) . The results of the present study align with the findings of Small et al. All participants in the present study were right-handed, and in many cases, the motor speech area of Broca is larger in the left brain in right-handed individuals. Thus, the left primary gustatory area, which is adjacent to the motor speech area of Broca, is smaller than the right side, and the right side may be the dominant primary gustatory area in right-handed individuals.
Conclusions
In summary, the results of the present study suggest that one of the brain regions associated with astringency is the insula, which is the primary gustatory cortex. Specific regions within the insula responded to astringency or bitter or sweet tastes. A subregion in the insula responded to both astringent and bitter stimuli. However, it is difficult to conclude based only on the present study's data which BOLD responsivity during astringent and bitter stimuli contributes to discrimination, or whether input from both tastes is integrated. We suggest that the regions that responded to astringent stimuli contributed to the ability to recognize astringency. Moreover, correlations were observed between brain activity and subjective ratings of preference and weekly beverage consumption. Comparing the results of astringency with those of the basic tastes, sweet and bitter, we observed similar data. These facts suggest the possibility that the human brain can recognize astringency as a taste, although we have not clarified the receptor mechanism in the oral cavity or the neural circuits connected to the brain.
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